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ABSTRACT Hepatitis C virus (HCV) envelope glycoprotein complex is composed of
E1 and E2 subunits. E2 is the receptor-binding protein as well as the major target of
neutralizing antibodies, whereas the functions of E1 remain poorly defined. Here, we
took advantage of the recently published structure of the N-terminal region of the
E1 ectodomain to interrogate the functions of this glycoprotein by mutating resi-
dues within this 79-amino-acid region in the context of an infectious clone. The phe-
notypes of the mutants were characterized to determine the effects of the muta-
tions on virus entry, replication, and assembly. Furthermore, biochemical approaches
were also used to characterize the folding and assembly of E1E2 heterodimers. Thir-
teen out of 19 mutations led to viral attenuation or inactivation. Interestingly, two
attenuated mutants, T213A and I262A, were less dependent on claudin-1 for cellular
entry in Huh-7 cells. Instead, these viruses relied on claudin-6, indicating a shift in
receptor dependence for these two mutants in the target cell line. An unexpected
phenotype was also observed for mutant D263A which was no longer infectious but
still showed a good level of core protein secretion. Furthermore, genomic RNA was
absent from these noninfectious viral particles, indicating that the D263A mutation
leads to the assembly and release of viral particles devoid of genomic RNA. Finally, a
change in subcellular colocalization between HCV RNA and E1 was observed for the
D263A mutant. This unique observation highlights for the first time cross talk be-
tween HCV glycoprotein E1 and the genomic RNA during HCV morphogenesis.

IMPORTANCE Hepatitis C virus (HCV) infection is a major public health problem
worldwide. It encodes two envelope proteins, E1 and E2, which play a major role in
the life cycle of this virus. E2 has been extensively characterized, whereas E1 remains
poorly understood. Here, we investigated E1 functions by using site-directed mu-
tagenesis in the context of the viral life cycle. Our results identify unique pheno-
types. Unexpectedly, two mutants clearly showed a shift in receptor dependence for
cell entry, highlighting a role for E1 in modulating HCV particle interaction with a
cellular receptor(s). More importantly, another mutant led to the assembly and re-
lease of viral particles devoid of genomic RNA. This unique phenotype was further
characterized, and we observed a change in subcellular colocalization between HCV
RNA and E1. This unique observation highlights for the first time cross talk between
a viral envelope protein and genomic RNA during morphogenesis.
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Hepatitis C virus (HCV) infection is a major public health problem, with around 170
million people infected worldwide (1). HCV infection has a high propensity for

establishing a chronic infection, and, in the long term, this can lead to cirrhosis and
hepatocellular carcinoma. Although recent improvements in the standard-of-care ther-
apy have been achieved, the available treatments remain very expensive and far from
being accessible to the majority of HCV-infected patients (2).

HCV is a plus-stranded RNA virus which belongs to the Hepacivirus genus in the
Flaviviridae family. The viral genome contains a single open reading frame generating
a polyprotein which is sequentially processed by both cellular and virally encoded
proteases into 10 mature viral proteins. Among these polypeptides, the structural
proteins (core, E1, and E2) are the components of the viral particle (reviewed in
reference 3).

The E1 and E2 envelope glycoproteins are two highly glycosylated type I transmem-
brane proteins, each with an N-terminal ectodomain and a well-conserved C-terminal
transmembrane domain. By being part of the viral particle, HCV envelope glycoproteins
E1 and E2 play an essential role in virion morphogenesis as well as in HCV entry into
liver cells. These two steps necessitate timely and coordinated control of HCV glyco-
protein functions. Furthermore, HCV entry is a complex multistep process involving at
least four major entry factors. They include scavenger receptor BI (SR-BI) (4), tetraspanin
CD81 (5), and tight junction proteins claudin-1 (CLDN1) (6), and occludin (OCLN) (7).

Until recently, research on HCV glycoproteins has been focused mainly on E2
because it is the receptor-binding protein interacting with CD81 and SR-BI. E2 is also
the major target of neutralizing antibodies, and it was postulated to be the fusion
protein (reviewed in reference 8). However, the structure of E2 does not fit with what
one would expect for a fusion protein (9, 10), suggesting that E1 alone or in association
with E2 might be responsible for the fusion step. Interestingly, several studies charac-
terizing novel inhibitors of late steps of HCV entry have shown that some resistant
mutations can be found in E1 (11–13), reinforcing the hypothesis that this protein plays
a major role during the fusion process. Furthermore, E1 also plays a role in modulating
the exposure of the CD81-binding region on E2 (14). Together, these observations
indicate that E1 plays a more important role than previously thought in the HCV life
cycle. It is therefore essential to better understand how E1 plays an active role in HCV
entry and assembly.

Recently, the crystal structure of the N-terminal half of the E1 ectodomain was
reported (15). This partial structure reveals a complex network of covalently linked,
intertwined homodimers. We took advantage of this report to investigate the func-
tional role of E1 by alanine replacement of residues in the context of an infectious
clone. Among 19 mutants, eight showed reduced viral infectivity, and five were no
longer infectious. Interestingly, two attenuated mutants, T213A and I262A, showed a
shift of dependence in virus entry factor from CLDN1 to CLDN6. Importantly, another
mutation, D263A, which abolished virus infectivity, led to the secretion of viral particles
devoid of genomic RNA but containing core protein and HCV glycoproteins, highlight-
ing the cross talk between HCV glycoprotein E1 and genomic RNA during HCV
morphogenesis.

RESULTS
Amino acid conservation in the N-terminal region of the E1 ectodomain and

mutagenesis rationale. The secondary structures present in the N-terminal 79 amino
acid residues of E1 are presented in Fig. 1A (15). The analysis of E1 amino acid sequence
conservation among all HCV genotypes shows that the most conserved residues do not
necessarily match the secondary structure elements that have been identified in the
crystallographic structure of the N-terminal domain of the E1 ectodomain (Fig. 1B). This
highlights that both the secondary structures and peculiar features of the loops, which
contain crucial cysteine residues as well as glycosylation sites, are crucial for the
biological function(s) of E1. It is worth noting that the less conserved region in the
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N-terminal region of the E1 ectodomain corresponds to the disordered loop between
�4 and �5 that was not seen in the electron density of the crystallographic structure.

Here, we mutated residues in the context of an infectious clone. The effects of
mutation of cysteine residues and glycosylation sites have already been reported
previously (14, 16), and these residues were therefore not included in this study. We
produced a series of 19 mutants in which residues were individually replaced by alanine
residues, and we concentrated our study on structured segments (�1 to �5 strands and
�-helix) or conserved amino acids located close to these secondary structures (Fig. 1A).
Mutations were introduced in a modified version of the plasmid harboring the full-
length JFH1 genome in which the N-terminal E1 sequence has been modified to
reconstitute the A4 epitope, which is present in the E1 of genotype 1a (17), and
therefore allows the identification of the E1 of genotype 2a for which there is no
antibody easily available. We did not introduce any mutation in �2 since it contains the
monoclonal antibody (MAb) A4 epitope sequence. It is worth noting that the introduc-
tion of the A4 epitope had no effect on HCV infectivity (data not shown), indicating that
this modification is not interfering with the phenotype of E1 mutants characterized in
our study.

Effect of E1 mutations on HCV infectivity. We first determined whether our
mutants are functional for replication. For this, we analyzed the expression of several
HCV proteins at 48 h postelectroporation. For all the mutants, the levels of expression
of E2 and NS5A were similar to those of the wild-type virus (Fig. 2A). However, we
observed a weaker signal for the E1 glycoprotein in the case of the Q193A and V194A
mutants, which is likely due to a weaker recognition of E1 by MAb A4, whose minimum
epitope has been mapped immediately downstream of these two residues. Together,
our data indicate that our mutations do not affect HCV genome replication.

We then measured the effects of the mutations on the production of infectious virus
by determining intra- and extracellular infectivities. As shown in Fig. 2B, we observed
three phenotypes for virus infectivity: (i) complete loss of infectivity, (ii) no effect on
infectivity, or (iii) reduced infectivity. In the �1 strand we observed a slight decrease in
extracellular infectivity for the Q193A and V194A mutants, indicating that these muta-
tions only slightly affect HCV infectivity. Four mutations (S208A, T213A, V220A, and
L221A) in the �-helix had only a slight effect or no effect at all on HCV infectivity,
whereas others produced a drastic reduction in HCV infectivity (I212A and Q215A) or
totally abolished it (W214A and H222A). Most mutants within the �-sheet (�3 to �5)
showed no change in infectivity (G233A, M264A, and V265A) or only a slight decrease
(R231A, V240A, P244A, and I262A). However, with two of them (W239A and D263A)
infectivity was totally abolished. Overall, the intracellular infectivity profiles were similar

FIG 1 E1 N-terminal region sequence analyses. (A) The sequence of the 79-amino-acid region comprising positions 192 to 270
of E1 of the HCV JFH1 strain (AB047639; genotype 2a) is indicated (polyprotein numbering). The A4 epitope (specific for
genotype 1a) is comprised of N-terminal amino acids 197 to 207. The secondary structures corresponding to the �-helix and
� strands previously identified are highlighted in blue and yellow, respectively. Amino acids mutated in this study are indicated
by a red dot. (B) Amino acid repertoire of the N-terminal region of the E1 ectodomain. The amino acid repertoire was
deduced from ClustalW multiple alignment of 19 reference sequences from all confirmed genotypes and subtypes
(https://euhcvdb.ibcp.fr/euHCVdb/). Amino acids observed at a given position in fewer than two distinct sequences were not
included. Amino acids observed at a given position in more than 17 distinct sequences are shown in uppercase letters. The
degree of amino acid conservation at each position can be inferred from the extent of variability (with the observed amino
acid listed in decreasing order of frequency from top to bottom), together with the similarity index according to ClustalW
convention (asterisk, invariant; colon, highly similar; dot, similar).
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to those observed for extracellular viruses, excluding any effect of the mutations on
infectious particle release. This first analysis indicates that the �-helix and the �-sheet
contain essential residues for HCV infectivity.

Determination of virion release. To determine the effect of mutations on viral
secretion in the case of reduced or abolished infectivity, we measured the expression
of core protein in cell lysates and supernatants. As shown in Fig. 3A, the levels of the
intracellular core proteins of the mutants were comparable to the wild-type level,

FIG 2 Effects of mutations on viral protein expression and infectivity. (A) Huh-7 cells were electroporated with viral RNA transcribed from JFH1-derived mutants,
and they were lysed at 48 h postelectroporation. Viral proteins were separated by SDS-PAGE and detected by Western blotting with MAbs A4 (anti-E1), 3/11
(anti-E2), and anti-NS5A. Western blotting with an anti-beta-tubulin antibody was performed in parallel to verify that equal amounts of cell lysates had been
loaded. (B) Infectivity of E1 mutants. Huh-7 cells were electroporated with viral RNA transcribed from JFH1-derived mutants. At 48, 72, and 96 h
postelectroporation, infectivities of the supernatants and intracellular viruses were determined by titration. Error bars indicate standard errors of the means from
at least three independent experiments. Results were compared to those for the wild type, and a P value of �0.05 was determined for intracellular mutants
Q193A, V194A, I212A, T213A, W214A, Q215A, V220A, L221A, H222A, R231A, G233A, W239A, V240A, P244A, I262A, D263A and M264A. A P value of �0.05 was
determined for extracellular mutants I212A, T213A, W214A, Q215A, H222A, W239A, and D263A. WT, wild type; FFU, focus-forming units.
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excluding any effect of the mutations on HCV genomic replication. In contrast, the
levels of extracellular core proteins were reduced for several mutants (Fig. 3B). For most
mutants, the levels of extracellular core proteins paralleled those of extracellular
infectivity (compare Fig. 2 and 3). However, mutant D263A showed a good level of core
protein release despite the absence of infectivity in the supernatant (Fig. 3B), which was
confirmed in an additional experiment in the presence of a mutant virus defective in
virus assembly (Fig. 3C), suggesting that this mutation leads to the release of nonin-
fectious viral particles.

Effect of E1 mutations on HCV glycoprotein folding and E1E2 heterodimeriza-
tion. Given the cooperativity between E1 and E2 in their respective folding, we

FIG 3 Analysis of core protein release for E1 mutants. Huh-7 cells were electroporated with viral RNA transcribed from JFH1-derived mutants. At 48 h
postelectroporation, the amount of intracellular core antigen was determined in cell lysates (A) and supernatants (B). A control experiment with a genome
defective in virus assembly, ΔE1E2, is shown in panel C. HCV core protein was quantified by a fully automated chemiluminescent microparticle immunoassay.
Error bars indicate standard deviations. Results were compared to those for the wild type, and a P value of �0.05 was determined for extracellular mutants
I212A, T213A, W214A, Q215A, H222A, and W239A.
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analyzed the effect of E1 mutations on the formation of E1E2 heterodimers. To study
the effect of mutations on the folding of E1 and E2, we used a pulldown assay using
the CD81 large extracellular loop (CD81-LEL) that recognizes correctly folded E2. As
shown in Fig. 4A, E2 proteins from all the mutants were recognized by CD81-LEL.
However, lower signals were observed for several of them: I212A, T213A, W214A,
Q215A, V220A, H222A, R231, W239A, and D263A. Importantly, for some mutants, the
presence of E1 was not detected or only barely detected (Q193A, V194A, I212A, H222A,
W239A, I262A, and D263A) or was reduced (T213A). As discussed above, the weaker E1
signals for mutants Q193A and V194A are likely due to the involvement of these two
residues in the A4 epitope. For the other mutants, the absence or drastic decrease of
E1 coprecipitation suggests that these mutations affect the interaction between E1 and
E2, at least in the context of properly folded E2. Since these mutants (I212A, H222A,
W239A, I262A, and D263A) are also affected in their infectivity (Fig. 2B), our data
suggest that the assembly defect of the E1E2 heterodimer could be responsible for the
decrease in infectivity. However, in the case of the I262A mutant, infectivity was only 1
log10 lower than that of the wild type (Fig. 2B), suggesting that the residual interaction
between E1 and E2 is sufficient to maintain a certain level of infectivity. In contrast, E1
and E2 from mutants W214A and Q215A were precipitated by CD81 despite a loss of
infectivity, suggesting that the functional defect for these mutants is not due to a
global effect on E1E2 folding but, rather, on virion assembly itself.

To further characterize the folding of E1E2 complex, we also performed an immu-
noprecipitation experiment with conformation-sensitive MAbs. We first used MAb AR5A
that recognizes a conformational epitope shared between E1 and E2 (18). For five of our
mutants (I212A, H222A, W239A, I262A, and D263A), HCV glycoproteins were not

FIG 4 Effect of E1 mutations on HCV glycoprotein folding and E1E2 heterodimerization. (A) Interaction of viral glycoproteins
with HCV entry factor CD81. At 48 h postelectroporation, lysates were analyzed by GST pulldown using a CD81-LEL-GST fusion
protein. Pulled-down E1 and E2 were analyzed by SDS-PAGE and detected by Western blotting with MAbs A4 and 3/11. (B and
C) Interaction of HCV glycoproteins with the conformation-sensitive anti-E1E2 MAb AR5A and anti-E1 MAb IGH526, as
indicated. At 48 h postelectroporation, E1 and E2 from cell lysates were analyzed by immunoprecipitation with MAbs AR5A
and IGH526. Precipitated E1 and E2 were then separated by SDS-PAGE and detected by Western blotting with MAbs A4 and
3/11. The weaker E1 signals observed with two of our mutants (Q193A and V194A) are likely due to the involvement of these
two residues in the A4 epitope.
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detected or only weakly recognized by MAb AR5A (Fig. 4B), which correlated with the
data obtained with CD81 pulldown of E1E2. Since these mutants were also altered in
their infectivity, one can expect that alteration in protein folding is responsible for the
phenotype of these viruses.

Finally, we also used the conformation-sensitive anti-E1 MAb IGH526, whose core
epitope is located at amino acid positions 314 to 324 (19). For this analysis, we focused
mainly on mutants showing alterations in infectivity. As shown in Fig. 4C, a decrease in
the recognition of E1 was observed for the I212A, T213A, H222A, W239A, and D263A
mutants, which correlated with an alteration in recognition of E1E2 complex by CD81
and AR5A (Fig. 4A and B). It is noteworthy, that the I262A mutant was relatively well
recognized by MAb IGH526 (Fig. 4C), which contrasts with the altered recognition by
CD81 and AR5A, suggesting that E1 might have achieved an advanced state of folding
for this mutant despite alterations in E1E2 interactions. A decrease in E1 recognition by
MAb IGH526, which correlated with a slight reduction of recognition by CD81, was also
observed for the R231A mutant (Fig. 4C). This could again explain the slight decrease
in infectivity observed for this mutant (Fig. 4A).

Effect of E1 mutations on sensitivity to antibody neutralization and inhibition
by CD81 coreceptor. The above-described analyses of the effects of E1 mutations on
the folding of the envelope proteins were performed in the context of intracellular
proteins. However, incorporation of the envelope glycoproteins on the surface of the
viral particle during the assembly process leads to conformational changes that occur
in the quaternary structure of these proteins (15, 20). The biochemical analyses of the
glycoproteins associated with the viral particle are not easily performed because they
require large amounts of viral particles. A more sensitive alternative approach is to
determine the sensitivity of the mutant viruses to inhibition mediated by the presence
of CD81-LEL or neutralizing MAbs. We therefore used CD81-LEL as well as MAbs AR5A
and IGH526 for these experiments. In these analyses, we focused on infectious mutants
showing a decrease in infectivity of approximately 1 log10 (T213A, R231A, and I262A),
and the S208A mutant was used as a control. Interestingly, we observed a strong
decrease in sensitivity to inhibition by CD81-LEL, AR5A, and IGH526 for the T213A and
I262A mutants (Fig. 5). These results indicate conformational changes in the envelope
proteins present on the surfaces of these two mutants, which are in line with the
alterations observed in our biochemical approach (Fig. 4), suggesting a similar effect of
the mutations on the conformation of HCV glycoproteins present on the surface of the
viral particle. However, for some mutants, discrepancies were observed between
biochemical analyses and neutralization results. Indeed, the R231A mutant showed
some alteration according to the biochemical analysis but was neutralized at the
wild-type level. In contrast, the I262A mutant was well recognized by IGH526 in the
immunoprecipitation experiment but was much less sensitive to neutralization by this
antibody. This indicates that the biochemical results do not necessarily parallel the
functional phenotype.

Effect of E1 mutations on the recognition of HCV receptors. To further charac-
terize the phenotype of the T213A, R231A, and I262A mutants, we analyzed their
dependence on known receptors. For this, we analyzed the sensitivity of our mutants
to inhibition by antireceptor MAbs previously reported to affect HCV entry. Similar
dose-dependent decreases in infectivity were observed for mutant (S208A, T213A,
R231A, and I262A) and wild-type viruses in the presence of anti-CD81 MAb JS81 or
anti-SR-BI MAb Cla-I (Fig. 6A and B). In contrast, the T213A and I262A mutants were less
inhibited by anti-CLDN1 MAb OM8A9-A3 (Fig. 6C), suggesting that these viruses were
less dependent on CLDN1 to infect Huh-7 cells. Since these cells also express CLDN6,
another tight junction protein that can be used by some viruses in the absence of
CLDN1 (21), we also tested the sensitivity of the T213A and I262A mutants to inhibition
by anti-CLDN6 MAb 342927. As shown in Fig. 6D, the T213A and I262A mutants were
more sensitive than the wild-type virus to inhibition by anti-CLDN6 MAb, whereas the
S208A and R231A mutants showed the same profile as the wild-type virus (data not
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shown). Furthermore, when we coincubated these mutants with both anti-CLDN1 and
anti-CLDN6 MAbs, the T213A and I262A mutants were inhibited to a similar extent as
the wild-type virus (Fig. 6E). In the absence of antibodies against OCLN, we used a cell
line knocked out for this receptor (22) to determine the dependence of our mutants to

FIG 5 Effect of E1 mutations on sensitivity to antibody neutralization and inhibition by CD81. CD81 inhibition
assays (A), AR5A neutralization experiments (B), and IGH526 neutralization experiments (C) were performed
by incubating E1 mutants or wild-type virus with increasing concentrations of human CD81-LEL, MAb AR5A,
or MAb IGH526. After 2 h of incubation at 37°C, the mixtures were put into contact with target cells, and the
inoculum was replaced by fresh medium at 6 h postinfection. At 72 h postinfection, residual infectivity was
measured by immunofluorescence. The values are the combined data from three independent experiments.
The error bars represent standard errors of the means. Results were compared to those for the wild type, and
a P value of �0.05 was determined for mutants T213A and I262A under all inhibitory conditions.
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FIG 6 Effect of E1 mutations on the recognition of HCV receptors. (A to D) Huh-7 cells were preincubated
for 2 h at 37°C with increasing concentrations of antibodies targeting HCV receptors: anti-CD81 MAb
JS81, anti-SR-BI MAb Cla-I, anti-CLDN1 MAb OM8A9-A3, and anti-CLDN6 MAb 342927, as indicated. Cells
were then incubated with E1 mutants or wild-type virus, and the inoculum was replaced by fresh

(Continued on next page)
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OCLN for virus entry. None of our mutants were able to infect this cell line (data not
shown), indicating a similar dependence on OCLN. Altogether, our data indicate that
the T213A and I262A mutations induce a shift in receptor usage from CLDN1 toward
CLDN6.

Characterization of the D263A mutant. Since the D263A mutant had lost infec-
tivity but showed a good level of core protein secretion, it was further characterized.
For this, we analyzed the released viral material on an iodixanol density gradient. As a
negative control, we used a viral genome carrying a large in-frame deletion in the E1E2
coding region known to affect the release of viral particles (ΔE1E2). The different
fractions obtained after gradient sedimentation were analyzed to determine infectivity
as well as the content of core protein and genomic RNA. As shown in Fig. 7B, core
protein of the wild-type virus showed two peaks, one in fractions 1 and 2 and the other
one in fractions 5 to 7. Fractions 1 and 2 corresponded to the peak of infectivity and
the first peak of genomic RNA, whereas fractions 5 to 7 corresponded to the second
peak of genomic RNA which was noninfectious (Fig. 7A). Although core protein of the
D263A mutant was detected in fractions 1 to 9, the majority peaked in fractions 5 to 7,
together with the noninfectious peak of the wild type-virus (Fig. 7A). Surprisingly, HCV
RNA was at a background level for the D263A mutant, very similar to the level of the
control ΔE1E2 virus, which is defective in virus assembly (Fig. 7B). This was not due to
the absence of viral replication since intracellular RNA levels were similar for both the
D263A mutant and the wild-type virus (Fig. 7C). Together, our data indicate that the
D263A mutation leads to the assembly and release of particulate material devoid of
genomic RNA.

To further understand the molecular basis of the absence of genomic RNA in
secreted virus particles in the context of the D263A mutation, we investigated whether
the core protein was able to oligomerize into capsid-like structures. Oligomerization of
core proteins expressed by this mutant was analyzed on an iodixanol gradient by
ultracentrifugation, as described in Materials and Methods. The core protein complexes
of the wild-type virus were detected in fractions 6 to 8 (Fig. 8). These fractions
correspond to highly ordered multimeric complexes (23). A similar profile of sedimen-
tation was observed with the D263A mutant as well as with the assembly-defective
control ΔE1E2 virus (Fig. 8). However, there was a slight shift toward lower density with
the D263A mutant. Furthermore, a small proportion of the core protein was found in
fractions 2 and 3 of both the D263A and ΔE1E2 mutants. This likely corresponds to
monomeric and/or dimeric forms of the core protein, as previously suggested (24).
When the wild-type core protein was treated with 1% SDS before ultracentrifugation,
only the monomeric form of the core protein was detected in fractions 1 and 2 at the
top of the gradient. This profile is due to disruption of core protein complexes by SDS,
as shown previously (23) (Fig. 8). These results therefore suggest that the D263A
mutation does not drastically affect core protein multimerization.

Finally, we recently showed that E1 forms homotrimers during the assembly process
(20). We therefore also tested the capacity of the D263A mutant to form such trimers,
but we did not detect any defect in E1 trimerization (data not shown).

Subcellular localization of HCV proteins during the assembly process of the
D263A mutant. Since the D263A mutant leads to the production of viral particles

FIG 6 Legend (Continued)
medium at 6 h postinfection. At 72 h postinfection, cells were processed for immunofluorescence to
quantify residual infectivity. The values are the combined data from three independent experiments. The
error bars represent standard errors of the means. Results were compared to those for the wild type, and
a P value of �0.05 was determined for mutants T213A and I262A in the presence of anti-CLDN1 and
anti-CLDN6 antibodies. (E) Effect of E1 mutations on the recognition of CLDN1 and CLDN6. Huh-7 cells
were preincubated for 2 h at 37°C with a combination of anti-CLDN1 (5 �g/ml) and anti-CLDN6 (10
�g/ml) MAbs. Cells were then incubated with E1 mutants or wild-type virus, and the inoculum was
replaced by fresh medium at 6 h postinfection. At 72 h postinfection, cells were processed for
immunofluorescence to quantify the residual infectivity. The values are the combined data from three
independent experiments. The error bars represent standard errors of the means.
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devoid of genomic RNA, we further investigated the subcellular colocalization of HCV
proteins to determine whether this mutation would induce a mislocalization of the E1
glycoprotein. For this, Huh-7 cells were electroporated with D263A mutant RNA, and
the cells were fixed with paraformaldehyde at 48 h postelectroporation before being
processed for immunofluorescence. E1 mutated at position D263 showed a colocaliza-
tion with E2 similar to what was observed for the wild-type virus (Fig. 9). Furthermore,
there was no difference in the core and NS5A protein colocalization with lipid droplets,
the site where HCV assembly is supposed to take place (25). Finally, we also analyzed
whether the D263A mutation affects the colocalization of core protein or E1 with the
viral RNA. For this, we analyzed the localization of HCV RNA by fluorescence in situ
hybridization (FISH). Although the D263A mutation did not change the colocalization
of core protein with HCV RNA (Fig. 10A), a significant decrease in subcellular colocal-

FIG 7 Characterization of the secreted form of the D263A mutant. Concentrated supernatant of cells
electroporated with HCV was separated by sedimentation through a 10 to 50% iodixanol gradient.
Fractions were collected from the top and analyzed for their infectivity as well as their viral RNA (A) and
core protein content (B). (C) Analyses of intracellular genomic replication for the D263A mutant.
Intracellular HCV genome copies in electroporated cells were quantified at different times postelectro-
poration. Control experiments with the wild type and ΔE1E2 and GND mutants were performed. The
error bars represent standard deviations.
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ization between HCV RNA and E1 was observed for this mutant (Fig. 10B and C),
supporting the hypothesis that E1 could play a role in the recruitment of HCV RNA
during virus assembly.

DISCUSSION

For a long time, E1 remained poorly studied. However, recent structural studies on
E2 suggested that E1 might play an active role in the fusion process (26), prompting us
to initiate a functional study of this protein based on the recently published structure
of its N terminus (15). Our data identify residues in the �-helix and the �-sheet that are
important for the assembly and release of infectious viral particles. Characterization of
our mutants also highlights cross talk between E1 and E2 during HCV morphogenesis.
Furthermore, neutralization experiments indicate that mutations in two of our mutants

FIG 9 Subcellular localization of HCV proteins in the context of the D263A mutant. Electroporated cells grown on
coverslips were fixed at 48 h postelectroporation and processed for immunofluorescence with antibodies against viral
proteins (E1, E2, core protein [C], and NS5A). Lipid droplets were stained with BODIPY 493/503 (green). Rat anti-E2 MAb
3/11 was used for the colocalization with E1 (mouse anti-E1 MAb A4). Anti-core MAb ACAP-27 was used for the
colocalization with lipid droplets (LD). The NS5A protein was labeled with anti-NS5A (9E10). Nuclei were stained with
DAPI (blue). Representative confocal images of individual cells are shown with the merged images in the right
column. Bar, 25 �m.

FIG 8 Analysis of core protein oligomerization by velocity sedimentation. Cells electroporated with the
D263A mutant, ΔE1E2, or wild-type JFH1 RNA genome were lysed at 48 h postelectroporation. Lysates
were subjected to velocity sedimentation on a 10 to 50% iodixanol density gradient, followed by Western
blot analysis of core protein. Fractions were collected from the top. A control gradient was performed in
parallel with extracts of cells electroporated with the wild-type genome that had been treated with 1%
SDS. The input represents 8% of lysates.
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induce a shift in receptor usage from CLDN1 toward CLDN6. Finally, characterization of
the mutant D263A shows that this virus leads to assembly and release of viral particles
devoid of genomic RNA, indicating that E1 plays a role in the incorporation of HCV RNA
into the nucleocapsid.

Several mutations in E1 affect the folding of E2. This is the case for the I212A, T213A,
H222A, and W239A mutants, as shown by CD81 pulldown. CD81 is often used as a
probe to determine the folding of E2 since its binding region is located in E2 and since

FIG 10 Subcellular localization of the D263A mutant and wild-type RNA by fluorescence in situ hybrid-
ization (FISH). Huh-7 cells were electroporated with the D263A and wild-type (WT) RNA genomes, fixed
at 48 h postelectroporation, and processed for HCV positive-strand-specific RNA detection, followed by
immunofluorescence staining for core protein with MAb ACAP-27 (A) or for E1 with MAb A4 (B). Scale bar,
20 �m. (C) Pearson’s correlation coefficient. Error bars represent standard deviations from 21 different
images (***, P � 0.0004).
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it is conformation dependent (27). HCV glycoproteins have been shown to assemble as
noncovalent E1E2 heterodimers (28), and these proteins are known to cooperate for the
formation of a functional complex (29). The folding of E1 has indeed initially been
shown to be dependent on the coexpression of E2 (30, 31). Later on, it was reported
that E1 can also affect the folding of E2 (32, 33). Our observation that mutations in E1
can affect the recognition of E2 by CD81 is therefore in line with the fact that E1 can
play an active role in the folding of E2 in the context of E1E2. It is to be noted, however,
that E2 expressed alone is well recognized by CD81 (5), suggesting that mutations in E1
can push E2 toward a conformation poorly recognized by CD81, which is in line with
the cross talk observed between these two proteins (34, 35). I212, T213, and H222
correspond to highly conserved residues located in the �-helix of E1 (Fig. 11), whereas
W239 belongs to the �4 strand.

Several mutations in E1 affect E1E2 interaction. This is particularly the case for
mutants W239A, I262A, and D263A, as shown by the lack of E1 signal after CD81
pulldown. Residues involved in E1E2 interactions have been identified in the trans-
membrane domains of these two proteins (36). Moreover, a study based on chimeric
E1E2 heterodimers derived from different genotypes has also recently identified resi-
dues in the ectodomain of E1, at positions 308, 330, and 345, as being involved in
functional interactions between E1 and E2 (35). However, in that study, by Douam and
coworkers, no biochemical analysis was performed to determine the physical interac-
tion between these two proteins. Amino acid residues W239A, I262A, and D263A
identified in our study as affecting E1E2 interaction are located in a �-sheet structure
identified in the N-terminal region of E1 (Fig. 11) (15). I262 and D263, which belong to
the �5 strand, and W239, which belongs to the �4 strand, are close in space in the
structure of E1. Indeed the D263 residue is directly facing the W239 residue. Therefore,

FIG 11 Positions of identified amino acid residues on the 3D structure of the E1 N-terminal region. The residues identified in this study
are highlighted on the structural model of the N-terminal region of E1 from the JFH1 isolate. This model was built using the Swiss-Model
web server (53) with the crystallographic structure of E1 (H77 strain) (PDB accession number 4UOI) as the template. (A) Residues for which
the mutation toward an alanine showed an interesting or lethal phenotype are shown in green or orange, respectively, and their side
chains are shown in stick rendering. (B) Hydrogen bond network established by the D263 residue with others residues from the �4 and
�5 strands. The figure was generated using the PyMOL Molecular Graphics System, version 1.8 (Schrödinger, LLC). Ct, C terminus; Nt, N
terminus.

Haddad et al. Journal of Virology

April 2017 Volume 91 Issue 8 e00048-17 jvi.asm.org 14

http://www.rcsb.org/pdb/explore/explore.do?structureId=4UOI
http://jvi.asm.org


our data suggest that this �-sheet is involved in interactions with E2. Interestingly, D263
and W239, two highly conserved residues, are part of a rather hydrophobic surface that
has been described by El Omari et al. as likely being involved in interaction with
another protein partner (15). It has to be noted that one of our mutations, I262A, is not
lethal for the virus, suggesting that alteration in E1E2 interactions does not necessarily
abolish viral infectivity. However, for this particular mutant, E1E2 interaction was not
totally abolished, and the remaining infectivity might be explained by this residual
interaction. If I262 is close to the D263 and W239 residues, its side chain does not point
in the same direction. Indeed, the side chains of D263 and W239 are exposed to the E1
surface, directly available to potentially interact with another protein, whereas the side
chain of I262 is buried in the E1 structure and makes hydrophobic contacts with the �-helix
(Fig. 11). Thus, the side chain of I262 is unlikely to be directly involved in the interaction with
E2, and this may explain the peculiar phenotype observed for the I262 mutant.

Our data indicate that mutations in E1 can affect the tropism of HCV for CLDN1.
Indeed, the T213A and I262A mutants preferentially use CLDN6 instead of CLDN1 in
Huh-7 cells. A similar shift in receptor dependence has recently been reported for
another E1 mutant that has been selected by long-term culturing and passage of the
HCV Jc1 isolate through CLDN1 knockout (KO) Huh-7.5 cells (37). Together, these data
point to a role for E1 in the HCV cell entry process as a modulator of entry factor usage.
It has been previously reported that many HCV isolates can naturally use both CDLN1
and CLDN6 for host cell entry (21, 38–40), so a change in receptor dependence from
CLDN1 to CLDN6 is not entirely surprising. However, it is not clearly known whether E1
interacts directly with CLDN1. It has been reported that mutations in E1 that affect the
infectivity of pseudoparticles bearing HCV glycoproteins can modulate the binding of
these particles to CLDN1-expressing cells, suggesting a role for E1 in HCV glycoprotein
interaction with CLDN1 (35). However, one cannot exclude the possibility that these E1
mutations may be functioning indirectly by influencing how E2 interacts with CLDN1.
We have indeed already observed that mutations in E1 can affect E2-CD81 interaction,
indicating that E1 plays a role in modulating the receptor binding capacity of E2 (14).
The most surprising observation is that mutations located in different regions of the E1
primary sequence can affect the dependence on CLDN1. Indeed, the mutations iden-
tified in our work are at positions 213 and 262, which belong to the �-helix and the �5
strand, respectively (Fig. 1), whereas the mutation identified by Hopcraft and Evans is
located at position 316 (37), which is located in the epitope of neutralizing MAb IGH526
(19). However, T213 in the �-helix and I262 in the �5 strand are proximate in space in
the E1 structure. Moreover, I262 establishes hydrophobic interactions with the �-helix
that contribute to the folding back of this helix on the �-sheet of E1 (Fig. 11).
Interestingly, our biochemical and neutralization data indicate that both the T213A and
I262A mutations affect E1 recognition by IGH526, suggesting that amino acid positions
213, 262, and 316 might be in close proximity in the three-dimensional (3D) structure
of E1. Whether the alteration in CLDN1 dependence is clinically relevant remains to be
determined.

The most surprising observation of our study is the production of HCV particles
devoid of genomic RNA in the case of the D263A mutation. The D263 amino acid
is highly conserved. Indeed, an aspartate residue is present at this position in 18 out
of 19 reference sequences from all confirmed genotypes and subtypes (Fig. 1B) as
well as in 96% of the full E1 sequences from the European HCV Database (https://
euhcvdb.ibcp.fr/euHCVdb/) (41). It has been shown that, in a cell-free assay, HCV core
proteins produced in bacteria self-assemble into nucleocapsids (42). However, in this
case viral or nonviral RNA molecules were associated with the particles. Intracellular
assembly of HCV capsids has also been described in the past (43). However, these
particles were not secreted, and they were shown to form abortive budding events. In
our case, we detected secretion of viral particles that contain at least the core protein
but no genomic RNA. Due to the low production of particles and the fact that we
cannot amplify them by reinfection, we could not determine whether HCV envelope
glycoproteins are associated with these particles. We presume that they should be
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present in the envelope. E1 has been shown to interact with the capsid protein in the
context of a heterologous expression system, at least after oligomerization of the
capsid protein (44). Together with our data, this suggests that E1 plays a major role in
HCV particle assembly. In the context of our D263A mutant, one can speculate that, due
to loss of interaction with E2, E1 might be able to directly interact with the capsid
protein in the absence of interaction with the genomic RNA. Interestingly, we also
observed a decrease in subcellular colocalization between HCV RNA and E1 in the
D263A mutant, which is in line with the hypothesis that, through its interaction with
core protein, E1 might play a role in recruiting the genomic RNA. As already mentioned
above, in the E1 structure, the D263 residue that is located in the �-sheet has its side
chain exposed at the molecular surface (Fig. 11). Interestingly, the D263 carboxylic
function of its side chain is at the center of a hydrogen bond network, which comprises
the R237, W239, and H261 side chains (Fig. 11B). This polar interaction network might
be involved in the stabilization of D263, R237, W239, and H261 side chains toward an
E1 conformation suitable to interact with an essential biological partner.

To conclude, our mutagenesis study highlights cross talk between E1 and E2 during
HCV morphogenesis. Our data also indicate the role of E1 in modulating functional
interactions between E1E2 complex and CLDN1. Finally, this study describes for the first
time cross talk between E1 and the genomic RNA during HCV morphogenesis.

MATERIALS AND METHODS
Cell culture. Huh-7 hepatoma cells (45) were grown in Dulbecco’s modified essential medium

(DMEM; ThermoFisher) supplemented with GlutaMAX, 10% fetal calf serum, and nonessential amino
acids (NEAA).

Antibodies. Anti-HCV monoclonal antibodies (MAbs) A4 (anti-E1) (46) and 3/11 (anti-E2; kindly
provided by J. A. McKeating, University of Birmingham, Birmingham, United Kingdom) (47) were
produced in vitro by using a MiniPerm apparatus (Heraeus) as recommended by the manufacturer.
Anti-E1E2 MAb AR5A (18) and anti-E1 MAb IGH526 (19) were kindly provided by M. Law (Scripps Research
Institute, La Jolla, CA, USA). The anti-NS5A MAb 9E10 (48) and a polyclonal antibody (49) were a gift from
C. M. Rice (Rockefeller University, New York, NY) and M. Harris (University of Leeds, United Kingdom),
respectively. Anti-core MAb ACAP-27 (50) was kindly provided by J. F. Delagneau (Bio-Rad, France).
Anti-SR-BI MAb C167 was a gift from A. Nicosia (Okairos, Rome, Italy) (51). Anti-CLDN1 MAb OM8A9-A3
has been previously described (52). Commercially available anti-CD81 MAb JS81 (BD Pharmingen),
anti-SR-BI polyclonal antibody (Abcam), anti-SR-BI Mab Cla-I (BD Biosciences), and anti-CLDN6 MAb clone
342927 (R&D Systems) were used in this work. Secondary antibodies used for immunofluorescence were
purchased from Jackson ImmunoResearch. Control anti-tubulin antibody was from Sigma.

Structural model of E1. The structural model of the N-terminal region of the E1 ectodomain was
constructed using the JFH1 amino acid sequence and the crystallographic structure of E1 from the H77
strain (Protein Data Bank [PDB] accession number 4UOI, chain F) as the template with the Swiss-Model
server (53).

Mutagenesis and virus production. The virus used in this study is a modified version of the JFH1
isolate (genotype 2a; GenBank accession number AB237837) (54), kindly provided by T. Wakita (National
Institute of Infectious Diseases, Tokyo, Japan) (17). Mutants were generated by site-directed mutagenesis.
Selected residues were replaced by alanines. The restriction enzyme XbaI was used to linearize plasmids
encoding viral RNAs. The linearized plasmids were then treated with mung bean nuclease (New England
BioLabs) with the aim of obtaining blunt-ended DNA. For in vitro transcription, 2 �g of linearized DNA
was transcribed using a MEGAscript kit according to the manufacturer’s protocol (Ambion). The in vitro
transcription reaction mixture was set up and incubated at 37°C for 4 h, and transcripts were precipitated
by the addition of equal volumes of LiCl and nuclease-free water. The mixture was chilled at �20°C for
30 min and then centrifuged at 4°C for 15 min at 14,000 � g. The supernatants were then removed, and
the RNA pellets were washed with 70% ethanol and resuspended in RNase-free water. Infectivity analyses
were performed as previously described (14). Briefly, supernatants containing extracellular virus were
removed at different times after electroporation, and cell debris was removed by centrifugation for 5 min
at 10,000 � g. Infected cells were washed with phosphate-buffered saline (PBS) and harvested by
treatment with trypsin, and intracellular viral particles were obtained after four freeze-thaw cycles. Cell
lysates were clarified by centrifugation at 10,000 � g for 7 min. Clarified supernatants containing
extracellular virus and intracellular virus were used for infection of naive Huh-7 cells. Infected cells were
then fixed with ice-cold methanol (100%) and immunostained with anti-E1 or anti-NS5A antibodies. The
nonreplicative control HCV genome contained a GND mutation (GND HCV) in the NS5B active site, as
previously reported (55). The assembly-deficient HCV control (ΔE1E2) containing an in-frame deletion
introduced into the E1E2 regions has been previously described (54).

Immunofluorescence. Immunofluorescence analyses were performed as previously described (24).
Briefly, Huh-7 cells electroporated with 10 �g of wild-type or mutant RNA were grown on 12-mm
coverslips or in 96-well plates. After 48 h, the cells were washed twice with PBS and then fixed with cold
methanol (100%) for 5 min. The methanol was removed by washing the cells twice with PBS. The cells

Haddad et al. Journal of Virology

April 2017 Volume 91 Issue 8 e00048-17 jvi.asm.org 16

http://www.rcsb.org/pdb/explore/explore.do?structureId=4UOI
https://www.ncbi.nlm.nih.gov/nucleotide/AB237837
http://jvi.asm.org


were then blocked with 10% goat or horse serum for at least 10 min, followed by washing with PBS. The
primary anti-E1, anti-E2, and anti-NS5A antibodies were diluted in 10% goat serum/horse serum, and the
coverslips were incubated with antibodies at room temperature for 25 min. The cells were then washed
three times in PBS. The secondary antibody was diluted in goat serum/horse serum (1/500), and
coverslips were incubated with a Cy3-conjugated antibody for 20 min. The cells were washed again with
PBS. Nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI). The coverslips were mounted on
glass slides using 7 �l of mounting medium (Mowiol 4-88; Calbiochem). Confocal microscopy was
performed with an LSM 880 confocal laser scanning microscope (Zeiss) using a �63 (1.4 numerical
aperture) oil immersion lens. Double-label immunofluorescence signals were sequentially collected by
using single fluorescence excitation and acquisition settings to avoid crossover. Images were processed
by using ImageJ software.

Equilibrium density gradient analysis. Equilibrium density gradient analyses were performed as
previously described (14) after concentration of the viral preparation by polyethylene glycol (PEG)
precipitation as described previously (56). Briefly, viruses were harvested at 48 h following electropora-
tion. Approximately 80 ml of virus supernatants was precipitated using PEG 6000 to a final concentration
of 8%. The mixture was shaken for 1 h on ice, centrifuged at 8,000 rpm (Beckman JLA-10.5 rotor) for 25
min, and then resuspended in 1 ml of sterile PBS. The virus was then loaded on a 10 to 50% iodixanol
gradient. The gradients were spun for 16 h at 36,000 rpm in an SW41 rotor (Beckman) and fractionated
from the top.

Core protein oligomerization. Huh-7 cells electroporated with mutant and wild-type RNA genomes
were lysed at 48 h postelectroporation in lysis buffer (PBS– 0.3% NP-40 and a protease inhibitor cocktail
[Roche]) for 15 min at room temperature. Cell lysates were precleared by centrifugation at 14,000 rpm
for 5 min at 4°C. Each sample was layered on top of an 11-ml, 10 to 50% iodixanol gradient and
centrifuged in a Beckman SW41 Ti rotor (Beckman) at 36,000 rpm for 16 h at 4°C. Fractions of 1 ml were
collected from the top of each tube and analyzed by SDS-PAGE and immunoblotting.

HCV core protein quantification. HCV core protein was quantified by a fully automated chemilu-
minescent microparticle immunoassay according to the manufacturer’s instructions (Architect HCVAg;
Abbott, Germany) as previously described (57, 58).

Western blotting. Western blotting experiments were performed as previously described (13). Cells
were lysed in PBS lysis buffer (1% Triton X-100, 20 mM N-ethylmaleimide [NEM], 2 mM EDTA, protease
inhibitor cocktail [Roche]). Cell lysates were then precleared by centrifugation at 14,000 � g for 5 min at
4°C. Protein samples were heated for 7 min at 70°C in Laemmli sample buffer. Following separation by
SDS-PAGE, the proteins were transferred onto nitrocellulose membranes (Hybond-ECL; Amersham) and
detected with specific antibodies. Following incubation with primary antibodies, the membranes were
incubated with the corresponding peroxidase-conjugated anti-rat (Jackson), anti-rabbit (Amersham),
anti-sheep (Amersham), and anti-mouse (Dako) antibodies. The proteins were then detected by en-
hanced chemiluminescence (ECL) (Amersham) as recommended by the manufacturer.

CD81 interaction and immunoprecipitation assays. CD81 pulldown and immunoprecipitation
experiments were performed as previously described (59). Cells were lysed in PBS lysis buffer (1% Triton
X-100, 20 mM NEM, 2 mM EDTA, protease inhibitor cocktail [Roche]). Cell lysates were then cleared by
centrifugation at 14,000 � g for 15 min at 4°C. For CD81 pulldown, glutathione-Sepharose beads
(glutathione-Sepharose 4B; Amersham Bioscience) were washed twice with cold PBS to remove the
storage buffer. For each cell lysate sample, 50 �l of glutathione beads was incubated with 10 �g of
human CD81 (hCD81) large extracellular loop (LEL) glutathione S-transferase (GST) recombinant protein
in 1 ml of cold PBS containing 1% Triton X-100 for 2 h at 4°C. Following incubation, the glutathione-
Sepharose beads were washed with cold PBS. Cell lysate samples containing E1E2 proteins were then
incubated with CD81-LEL complexed with glutathione beads overnight at 4°C. The following day, the
beads were washed five times with cold PBS and 1% Triton X-100. Finally, the beads were resuspended
in 30 �l of Laemmli buffer. Samples were heated at 70°C and loaded onto 10% SDS-PAGE gels, followed
by Western blotting to reveal the proteins of interest. For immunoprecipitation, 70 �l of protein
A-Sepharose beads was incubated with 10 �g of rabbit anti-human IgG (Dako) in 1 ml of cold PBS and
1% Triton X-100 for 2 h at 4°C. In parallel, 100 �l of cell lysates was incubated with 2 �g of MAb AR5A
(anti-E1E2) or MAb IGH526 (anti-E1) in 400 �l of cold PBS and 1% Triton X-100 for 2 h at 4°C. Next, protein
A-Sepharose beads were washed twice with cold PBS and 1% Triton X-100 and added to cell lysates. The
mixture was then incubated for 90 min at 4°C. After incubation, the beads were washed five times with
cold PBS and 1% Triton X-100. Finally, the beads were resuspended in 30 �l of Laemmli buffer. The
presence of HCV envelope glycoproteins was then detected by Western blotting.

Entry inhibition assays and neutralization assays. Viruses or cells were preincubated with human
CD81-LEL, MAb AR5A, MAb IGH526, or antireceptor antibody for 2 h at 37°C. The viruses were then put
in contact with Huh-7 cells. At 6 h postinfection, the inoculum was removed, and the cells were further
incubated for 72 h with complete medium. The cells were then processed for immunofluorescence to
measure residual infectivity.

FISH and colocalization with viral proteins. In situ hybridization was performed as previously
described (60). Briefly, cells were washed once with PBS and fixed with 500 �l of 4% paraformaldehyde
for 20 min at room temperature, followed by three washes with PBS. Fixed cells were processed for FISH
analysis, using a QuantiGene ViewRNA in situ hybridization cell assay (Affymetrix) as recommended by
the manufacturer.

Graphs and statistics. Prism, version 5.0c (GraphPad Software, Inc., La Jolla, CA), software was used
to prepare graphs and to determine statistical significance of differences between data sets using a
Mann-Whitney test.
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